Müller glia are the primary glial subtype in the retina and perform a wide range of physiological tasks in support of retinal function, but little is known about the transcriptional network that maintains these cells in their differentiated state. We report that selective deletion of the LIM homeodomain transcription factor Lhx2 from mature Müller glia leads to the induction of reactive retinal gliosis in the absence of injury. Furthermore, Lhx2 expression is also down-regulated in Prph2
Müller glia are the primary glial subtype in the retina and perform a wide range of physiological tasks in support of retinal function, but little is known about the transcriptional network that maintains these cells in their differentiated state. We report that selective deletion of the LIM homeodomain transcription factor Lhx2 from mature Müller glia leads to the induction of reactive retinal gliosis in the absence of injury. Furthermore, Lhx2 expression is also down-regulated in Prph2
Rd2/Rd2 animals immediately before the onset of reactive gliosis. Analysis of conditional Lhx2 knockouts showed that gliosis was hypertrophic but not proliferative. Aging of experimental animals demonstrated that constitutive reactive gliosis induced by deletion of Lhx2 reduced rates of ongoing apoptosis and compromised both rod and cone photoreceptor function. Additionally, these animals showed a dramatically reduced ability to induce expression of secreted neuroprotective factors and displayed enhanced rates of apoptosis in light-damage assays. We provide in vivo evidence that Lhx2 actively maintains mature Müller glia in a nonreactive state, with loss of function initiating a specific program of nonproliferative hypertrophic gliosis.
development | neurodegeneration M üller glia are the primary glial cell type in the vertebrate retina (1) . The radial morphology of Müller glia creates a columnar matrix that maintains the laminar structure of the retina. Müller glia also perform a wide range of physiological tasks, including reuptake and metabolism of GABA and glutamate, water and ion homeostasis, and energetic support of photoreceptor cells (1, 2) . Müller glia also participate in regeneration of the 11-cis retinal chromophore used by cone opsins (3, 4) . Although the genetic regulation of Müller glial development has been extensively studied (5) (6) (7) (8) , virtually nothing is known about the intrinsic transcriptional network that maintains these cells, or any other astroglial subtype, in their terminally differentiated state.
Like other astroglia, Müller glia can be induced to undergo reactive gliosis in response to a broad range of physiological stresses and insults (9) . Although the molecular signature of reactive gliosis can vary considerably among injury paradigms, reactive astroglia show a set of common features, including cellular hypertrophy, up-regulation of intermediate filament proteins, and, in most cases, down-regulation of glutamine synthetase (GS). Although induction of reactive gliosis is ubiquitous after diverse types of retinal injuries, its function remains ambiguous. The discovery that preconditioning by a wide range of stressors also induces reactive gliosis has led to the suggestion that, at least in its early stages, reactive gliosis represents an coordinated response aimed at mitigating damage to nearby neurons (9) . Severe and prolonged reactive gliosis, however, is usually associated with reduced neuronal viability, and it is unclear what regulates this transition between protective and destructive gliosis. It is likewise unclear how chronic low-level reactive gliosis, which is seen in most forms of slow-onset neurodegeneration, affects neuronal viability and function, A major difficulty in addressing these questions has been the inability to induce reactive gliosis in a cell-autonomous manner in the mature CNS, independent of injury, preconditioning, and other treatments that affect both glia and neurons.
In this paper, we demonstrate that the LIM homeodomain transcription factor Lhx2 is robustly and selectively expressed in mature Müller glia. We have selectively eliminated Lhx2 expression in terminally differentiated Müller glia and observed that loss of Lhx2 results in a cell-autonomous induction of hypertrophic gliosis in the absence of injury. We find that retinal morphology and function are largely preserved even 1 y after loss of Lhx2. Furthermore, we show that expression of Lhx2 is down-regulated in Prph2
Rd2/Rd2
, also known as retinal degeneration slow (rds/rds), mutant mice before induction of glial fibrillary acid protein (Gfap) and reactive gliosis. Finally, we find that hypertrophic gliosis induced by loss of Lhx2 does not protect photoreceptors against light damage but rather results in a dramatically reduced induction of neuroprotective factors and increased photoreceptor death.
Results
Expression Pattern of Lhx2 in Mature Retina. We previously observed that LIM homeodomain transcription factor Lhx2 mRNA is expressed in the inner nuclear layer (INL) of the early postnatal retina (10) . To characterize the expression pattern of Lhx2 protein in mature retina, we generated polyclonal antibodies against Lhx2 and observed that Lhx2 is selectively expressed in the nuclei of cells confined to the medial portion of the INL (Fig.  1 A-C) as well as a very small subset of cells in the inner portion of the INL (Fig. 1C, arrows) . Immunostaining with the amacrine cell markers syntaxin (Fig. 1 D-F) and Pax6 (Fig. S1J, arrows) confirmed that this latter group represented a subset of amacrine interneurons. The Lhx2-positive cells in the medial INL, however, coexpressed multiple selective markers of mature Müller glia, including cellular retinaldehyde binding protein (Cralbp), GS, and P27 Kip1 ( Fig. 1 G-O) . Lhx2-positive cells did not, however, coexpress the bipolar markers PKCα, Prox1, Chx10, and Islet1 ( Fig. 1 P-R and Fig. S1 A-I) . Furthermore, Prox1-positive horizontal cells were negative for Lhx2 (Fig. S1A) . Expression of Lhx2 was not observed in retinal astrocytes, microglia, or optic nerve glia. We therefore conclude that Lhx2 is robustly and uniformly expressed in terminally differentiated Müller glia and in a small subpopulation of amacrine cells.
Lhx2 Represses Reactive Gliosis in Müller Glia. This expression pattern raised the possibility that Lhx2 might regulate expression of genes important for Müller glial function. To address this matter, we used a genetic approach to selectively eliminate Lhx2 expression in terminally differentiated Müller glia ( Fig. 2A) . All astroglia robustly express the high-affinity glutamate/aspartate transporter (GLAST) (2) . By crossing a BAC transgenic mouse expressing a tamoxifen-inducible form of Cre recombinase under the control of the GLAST promoter (GLAST-CreER T2 ) to the ROSA26stopYFP reporter line, we observed that YFP expression was selectively induced in Müller glia by postnatal day (P)26 after i.p. 4-hydroxytamoxifen (4-OHT) injection from P21 to P25 (Fig. 2 B-D and Fig. S2 A-L). We did not observe any induction in retinal neurons or in astrocytes, pericytes, or microglia. No YFP labeling was seen in control mice injected with oil alone. We next bred GLAST-CreER T2 mice into an Lhx2 lox/lox line to generate GLAST-CreER T2 ;Lhx2 lox/lox animals. Activation of Cre recombinase was induced by 4-OHT to generate glial-specific Lhx2 conditional knockout (Lhx2 ΔcKO) animals, resulting in an efficient and selective reduction in Lhx2-positive cells (79% reduction at P26 and 83% at P55) ( 4F ). Immunohistochemical analysis revealed that Lhx2-deficient Müller glia displayed histological changes that are characteristic of reactive gliosis. In P55 Lhx2 ΔcKO mice, both GFAP and vimentin immunoreactivity are dramatically up-regulated in Müller glia ( Fig. 3 A-H). Conversely, beginning at P26, GS immunoreactivity is reduced in Lhx2 ΔcKO mice ( Fig. 3 I-L) . A 2.25-fold increase in GFAP mRNA is detectable at P26 (Fig. S2) , with P55 Lhx2-deficient retinas showing a sevenfold increase relative to controls (see Fig. 5Q ).
To directly address whether reactive gliosis was induced in a cell-autonomous manner after deletion of Lhx2, we dissociated Lhx2 ΔcKO retinas and analyzed nuclear hypertrophy in both Cralbp-positive/Lhx2-negative and Cralbp-positive/Lhx2-positive Müller glia. Cralbp-positive/Lhx2-positive cells represented Müller glia that escaped 4-OHT-mediated GLAST-CreERT2 recombination. We observed that Lhx2-negative Müller glia show substantial nuclear hypertrophy relative to Lhx2-positive glia from the same retina of Lhx2 ΔcKO animals ( Fig. 3 M-O) . Section immunohistochemistry revealed that GFAP induction was reduced where clusters of Lhx2-positive glia were present at P55 (Fig. 3 P-S) . Electroporation of a plasmid expressing Cre recombinase into retina of P0.5 Lhx2 lox/lox animals led to a robust induction of reactive gliosis restricted to the electroporated region and not in adjacent nonelectroporated tissue. Electroporation of Cre recombinase into wild-type retinas did not induce detectable gliosis (Fig. 3 T-Y) .
These findings raised the possibility that Lhx2 expression might be repressed in the normal course of reactive gliosis. We investigated this by examining Prph2
Rd2/Rd2 (retinal degeneration slow, rds/rds) mice, which undergo slow-onset photoreceptor degeneration (11) . We observed that Lhx2 protein levels were reduced 51% in Prph2
Rd2/Rd2 retinas relative to controls at P14, before the up-regulation of Gfap and reactive gliosis. Lhx2 returned to wild-type levels by P21 and remained unchanged at P35, by which time extensive Gfap expression and reactive gliosis were present in Prph2
Rd2/Rd2 mice ( Fig. 3 Z and Z′ and Fig. S3 ). In contrast, animals that were exposed to damaging levels of white light showed no change in either Lhx2 levels or immunostaining pattern (Fig. S4) .
We next examined expression of other immunohistochemical markers previously observed to be altered in reactive gliosis. Potassium inwardly rectifying (Kir) channels are the primary potassium transport system in Müller glia; Kir4.1, the principal Kir isoform expressed in Müller glia, is down-regulated in proliferative, although not hypertrophic, gliosis (12) . Kir4.1 immunoreactivity was unaffected in Lhx2 ΔcKO mice at P26 and P55 (Fig. S5 A-D) . Glial hypertrophy is triggered in part by water influx that depends on both Kir4.1 and aquaporin 4 (Aqp4) (1). We found that Aqp4 protein was robustly up-regulated by Müller glia in the INL of Lhx2 ΔcKO mice by P55 (Fig. S5 E-H) . No change in microglia number or morphology is seen at any time point in Lhx2 ΔcKO animals ( Fig. S5 I-P) .
Although murine Müller glia do not proliferate after most forms of retinal injury (1, 13) , previous studies have demonstrated that, in certain severe pathological conditions as well as after genetic deletion of P27 Kip1 , these cells may undergo proliferative reactive gliosis (14, 15) . We did not observe any change in Ki67 expression in Lhx2 ΔcKO retinas at either P26 or P55 (Fig. S6) . Proliferating cells likewise could not be identified in Lhx2 ΔcKO or Lhx2 ΔcKO/+ animals at 3 mo (P115) and 1 y (P390) after 4-OHT treatment. These results imply that loss of Lhx2 induced a cellautonomous induction of hypertrophic nonproliferative gliosis, which is independent of injury, stress, or preconditioning stimuli.
Photoreceptor Function in Aged Lhx2
−/− Mice. To investigate the effects of long-term hypertrophic gliosis on retinal morphology and function, we examined retinas of Lhx2 ΔcKO and Lhx2 ΔcKO/+ mice at 3 mo (P115) and 1 y (P390). A progressive and ubiquitous hypertrophy of Lhx2-deficient Müller glia was clearly evident. At P115, occasional breaks in the integrity of the outer limiting membrane associated with the GFAP-positive apical processes of Müller glia were observed, with these becoming substantially more numerous by P390 (Fig. 4 A-E) . GFAP-positive glia expressed high levels of β-catenin throughout their cell bodies, including at breakpoints in the outer limiting membrane (Fig. 4 C-E) . Retinal lamination was otherwise grossly normal, with no loss of any major cell type. Notably, at P390, short-wavelength selective opsin (Sop; Opn1sw), medium-wavelength selective opsin (Mop; Opn1mw), and rhodopsin expression were unaltered in Lhx2 ΔcKO retinas. The morphology and number of both rods and cones was likewise unaffected (Fig. S7 A-F) . TUNEL analysis at P115 and P390 revealed little apoptosis in both Lhx2 ΔcKO and Lhx2 ΔcKO/+ mice, although Lhx2 ΔcKO mice displayed significantly fewer apoptotic cells per retinal section than control mice did (Fig. 4F) .
Although both rod and cone photoreceptors were intact in Lhx2 ΔcKO mice, we examined electroretinogram (ERG) traces from Lhx2 ΔcKO and Lhx2 ΔcKO/+ mice at both P115 and P390 to determine whether photoreceptor function was impaired. At P115, we observed a reduction in both a and b waves of the scotopic response at all light intensities tested in Lhx2 ΔcKO mice (Fig. S7H) . A roughly threefold reduction in the photopic b wave was observed in Lhx2 ΔcKO mice at all light intensities tested (Fig. S7H) . Strikingly, oscillatory potentials were still observed at low light intensities, whereas these were only seen at high light intensity in control animals (Fig. S8A) . At P390, differences in scotopic ERG between Lhx2 ΔcKO and Lhx2 ΔcKO/+ mice were less pronounced but similar, whereas the reduction in the photopic response was equally severe (Figs. S7G, S8B, and S9).
Effects of Light Damage in Lhx2
−/− Mice. Finally, to determine whether the reactive gliosis seen after loss of Lhx2 mimicked that induced by preconditioning, we investigated whether photoreceptor viability was altered in Lhx2 ΔcKO mice after exposure to high-intensity white light. After 3 d of dark adaptation, P55 4-OHT-induced Lhx2 ΔcKO and Lhx2 ΔcKO/+ mice underwent pupilary dilation and exposure to 4 h of 6,000 lx. Retinas were evaluated after a 24-h recovery period (Fig. 5) . We observed a significant decrease (P < 0.005) in outer nuclear layer (ONL) thickness in Lhx2 ΔcKO mice across the retina (Fig.  5 A and B) . Overall retinal thickness along the dorsal-ventral axis was not significantly different (P > 0.05) (Fig. 5 A and B) because of the formation of inner retinal dysplasias in a subset of ventral Lhx2 ΔcKO retinas. Retinal thickness was significantly decreased (P < 0.005) in the dorsal retina, where no inner retinal dysplasia occurred (Fig. 5B) . No evidence of mitotic cells was detected in either Lhx2 ΔcKO or Lhx2 ΔcKO/+ retinas after light damage (Fig. 5 C and D) . TUNEL analysis revealed that that Lhx2 ΔcKO retinas displayed a corresponding increase in apoptotic cells in the ONL in both dorsal and ventral retinal regions (Fig. 5 E-P) . We conclude that the reactive gliosis seen after loss of Lhx2 in Müller glia does not mimic precon- ditioning or reflect the induction of a neuroprotective program in these cells. These findings further suggested that Lhx2 ΔcKO retinas may not efficiently activate expression of injury-induced neuroprotective factors. In support of this idea, we observe that expression of both leukemia inhibitory factor (Lif) and endothelin 2 (Edn2) are reduced by 85% and 89%, respectively, in Lhx2 ΔcKO retinas. Furthermore, relative expression of oncostatin M (Osm), brainderived neurotrophic factor (Bdnf), Edn2, and ciliary neurotrophic factor (Cntf) are all substantially reduced in Lhx2 ΔcKO retinas after light damage, whereas Gfap expression levels were unchanged (Fig. 5R) . Without light damage, only the relative levels of Lif and Rd2/Rd2 mice. (Z′) Relative density of Lhx2 at P14, P21, and P35 normalized to Gapdh demonstrates significant 52% reduction of Lhx2 at P14 (P < 0.02, n = 3). There is no significant difference in Lhx2 relative density at P21 or P35 (P > 0.05, n = 3). (Scale bars: A-L, P, T, and W, 50 μm; M and N, 10 μm.) Edn2 were reduced in Lhx2 ΔcKO mice compared with Lhx2 ΔcKO/+ controls, whereas endothelin receptor B (Ednrb) and Cntf mRNA levels were elevated (Fig. 5Q) .
Discussion
Reactive astrogliosis has been proposed to reflect a stress-induced, adaptive prosurvival program and is thought to be, at least in part, initiated by secreted factors released from stressed or damaged neurons (9, 16) . Studies of the biology of reactive gliosis have focused heavily on characterizing the identity of these extrinsic factors. Photoreceptor-derived fibroblast growth factor 2 (FGF2) and Edn2 are reported to be induced by retinal injury (17) and together with BDNF and CNTF have been proposed to initiate the process of glial hypertrophy, triggering GFAP expression in Müller glia (18) (19) (20) . Once activated, Müller glia are believed to up-regulate expression of other secreted factors, which in turn promote neuronal survival (21, 22) .
In contrast, the intrinsic transcriptional regulatory network that initiates reactive gliosis, and which prevents it from occurring in unstimulated glia, has been little studied and is poorly understood. Although transcription factors such as Stat3, c-fos, cAMP-response element-binding protein (CREB), and Olig2 are known to be required to initiate reactive gliosis in response to extrinsic factors (23) (24) (25) (26) (27) (28) Rd2/Rd2 animals before robust GFAP expression is observed, demonstrating that a reduction in Lhx2 expression is also seen during the course of glial reactivity in this genetic model. The recent finding that Lhx2 can directly repress GFAP expression in hippocampal progenitors supports the possibility that Lhx2 performs a similar function in mature Müller glia (29) .
The selective loss of function of Lhx2 in mature Müller glia reported in this study is an important genetic model in which a nonproliferative reactive gliosis can be induced in a conditional and cell-autonomous manner, independent of injury or stress. This Lhx2 conditional knockout model provides a unique genetic platform to selectively study the effects of constitutive reactive gliosis, the role of glial reactivity in regulating vulnerability to diverse models of neuronal injury, and the interplay between extrinsic and intrinsic factors in controlling the neuroprotective functions of astroglia.
Although the neuroprotective role of Müller glia is well documented in mammals, this role appears limited to relatively mild physical insults or slow degenerative conditions and is often observed only in early stages after injury (9) . Our studies show that hypertrophic gliosis induced by loss of Lhx2 also has a limited capacity to promote retinal cell survival. Initially, we observed a significant reduction in retinal apoptosis at all time points tested from 1 mo to 1 y after glial-specific deletion of Lhx2. P55 Lhx2 ΔcKO mice notably also displayed elevated levels of Cntf, a known retinal neuroprotective factor. However, the rates of ongoing cell death are very low, and the protective capacity of Lhx2 ΔcKO-reactive glia proved extremely restricted. Lhx2 ΔcKO retinas showed a dramatic and selective defect in the ability to induce expression of multiple different prosurvival factors after light damage. These data not only clearly demonstrate the importance of Müller glial-derived factors in regulating photoreceptor survival but also imply that Lhx2 plays a dual role in regulating reactive gliosis-first, suppressing initiation of reactive gliosis as measured by glial hypertrophy and upregulation of Gfap and then being required for the efficient induction of neuroprotective factors after Müller glia become reactive. Although Lhx2 represses expression of GFAP and other reactivity-induced transcripts in unstimulated retina, it is likely that other uncharacterized transcription factors cooperate with Lhx2 to prevent initiation of reactive gliosis. Lhx2 likewise might cooperatively regulate induction of neuroprotective factors in conjunction with phosphorylated Stat3 or c-fos or with other injury-induced transcription factors whose role in regulating reactive gliosis is yet to be determined (30, 31) . Further studies will be needed to identify these cofactors.
Finally, Müller-specific loss of Lhx2 expression results in abnormalities in both the scotopic and photopic ERGs, with photopic abnormalities being more pronounced. The increase in oscillatory potentials observed at low light intensities has not been previously reported in any mutant mouse line and may reflect less efficient clearance of glutamate released from bipolar cell synapses. The more pronounced loss of photopic response may result from altered ability of Lhx2-deficient Müller glia to carry out regeneration of 11-cis retinal on behalf of cone photoreceptors, although a direct analysis of light responses in cone photoreceptors of mutant retinas will be needed to address this issue.
Materials and Methods
Animals. Timed pregnant CD-1 mice were purchased from Charles River Laboratories. ROSA26stopYFP mice (stock no. 006148), C3A.BLiA-Pde6b+. O20-Prph2 Rd2 /J (Prph2 Rd2/Rd2 ; stock no. 001979), and C3A.BLiA-Pde6b + /J (Prph2 +/+ ; stock no. 001912) were purchased from The Jackson Laboratory. Lhx2 lox/lox mice were obtained in collaboration with Edwin Monuki (University of California, Irvine), and GLAST-CreER T2 mice were provided by Jeremy Nathans (The Johns Hopkins University School of Medicine). ROSA26stopYFP;GLAST-CreER T2 mice were generated by breeding and subsequent backcrossing. GLAST-CreER T2 ;Lhx2 lox/lox mice were also generated by breeding and backcrossing. All experimental procedures were preapproved by the Institutional Animal Care and Use Committee of The Johns Hopkins University School of Medicine.
Immunohistochemistry, Retinal Dissociation, and TUNEL Staining. Fluorescent immunohistochemistry was performed on cryosectioned tissue as previously described (32) . Retinal dissociates were prepared and fluorescent immunohistochemistry was performed as previously described (33, 34) . TUNEL staining was performed per the manufacturer's instructions (Roche).
Tamoxifen Treatment. Tamoxifen (Sigma) was dissolved into corn oil (Sigma) to a concentration of 7 mg/mL. ROSA26stopYFP;GLAST-CreER T2 , GLASTCreER T2 ;Lhx2 lox/lox , or GLAST-CreER T2 ;Lhx2 lox/+ mice were delivered i.p. injections for 5 d beginning at P21, receiving 1 mg of tamoxifen on days 1-3 and 2 mg of tamoxifen on days 4 and 5. Animals were then used for experimentation on either 1 d (P26), 30 d (P55), 3 mo (P115), or 1 y (P390) after the last tamoxifen injection.
Full experimental procedures for this study can be found in SI Materials and Methods.
